Interlimb coordination of crawling kinematics in humans shares features with other 32 primates and non-primate quadrupeds, and it has been suggested that this is due to a 33 similar organization of the locomotor pattern generators (CPGs). To extend the previous 34 findings and to further explore the neural control of bipedal vs. quadrupedal locomotion, 35 we used a crawling paradigm in which healthy adults crawled on their hands and feet at 36 different speeds and at different surface inclinations (13°, 27° and 35°). Ground reaction 37 forces, limb kinematics and electromyographic (EMG) activity from 26 upper and lower 38 limb muscles on the right side of the body were collected. The EMG activity was mapped 39 onto the spinal cord in approximate rostrocaudal locations of the motoneuron pools to 40 characterize the general features of cervical and lumbosacral spinal cord activation. The 41 spatiotemporal pattern of spinal cord activity significantly differed between quadrupedal 42 and bipedal gaits. In addition, participants exhibited a large range of kinematic 43 coordination styles (diagonal vs. lateral patterns), which is in contrast to the stereotypical 44 kinematics of upright bipedal walking suggesting flexible coupling of cervical and 45 lumbosacral pattern generators. Results showed strikingly dissimilar directional 46 horizontal forces for the arms and legs, considerably retracted average leg orientation, 47 control of quadrupedal human locomotion and a high specialization of the 53 musculoskeletal apparatus to specific gaits. 54 55
and substantially smaller sacral vs. lumbar motoneuron activity compared with 48 quadrupedal gait in animals. A gradual transition to a more vertical body orientation 49 (increasing the inclination of the treadmill) led to the appearance of more prominent 50 sacral activity (related to activation of ankle plantar flexors), typical of bipedal walking. 51
The findings highlight the reorganization and adaptation of CPG networks involved in the electromyographic and reflex activity of upper limbs muscles during rhythmic activity of 81 lower limbs muscles and vice versa muscles. All EMG data were initially high-pass (30 Hz cut-off) filtered offline using a 2 nd 162 order dual-pass Butterworth filter and bandstop filtered at a frequency of 50 Hz. EMG 163 data were then full wave rectified and low-pass filtered using a 2 nd order dual-pass (zero-164 phase) Butterworth filter with a cut-off of 10 Hz. 165
Ground reaction forces were collected (session 2) with a force plate (0.9 x 0.6 m 166 Kistler 9287B, Zurich, Switzerland) at 1000 Hz. All ground reaction force data were low-167 pass filtered offline using a 2 nd order dual-pass Butterworth filter with a cut-off of 20 Hz 168 and normalized to participant body weight and time interpolated to 100 points for inter-169 stride averaging. 170 indicate positive joint motion). Cycle duration of the upper and lower limbs were 178 determined by 2 consecutive right wrist contacts and 1 st distal phalanx contacts 179 respectively (the first parts of the body to make contact with the ground during crawling). 180
Swing duration of the upper and lower limbs was determined from lift off of the right 181 distal phalanx of middle finger to wrist contact and lift off of the right 1 st distal phalanx 182 to 1 st distal phalanx contact respectively. Excursions of the upper and lower limbs were 183 determined by the distance travelled by the right wrist and 1 st distal phalanx respectively 184 during swing. Ipsilateral phase lag (IPL) between upper and lower limbs was determined 185 using the methods described by Patrick et al. (2009) . In brief, the relative timing of right 186 upper limb contact was expressed as a percentage of the gait cycle determined by 187 consecutive right foot contacts: 188
where t 1 is interval of time between right foot (RF) and right hand (RH) touchdown 190 events and T is cycle duration (Fig. 2 The orientation of the upper limb (shoulder to point of contact, acromio-clavicular 196 joint-distal phalanx of middle finger) relative to a vertical line through the proximal joint 197 center at both touchdown and lift-off of a step were computed. Similarly, this was done 198 for the lower limb (hip to contact point: greater trochanter-fifth metatarsal head). Vertical 199 displacement of the hip (greater trochanter) and shoulder (acromio-clavicular) joints were 200 calculated as the vertical range over a stride cycle. Average limb orientation was 201 determined for each step by calculating the difference between the limb angle at 202 touchdown and at lift-off, and dividing this number by two. This midpoint of the total 203 limb excursion defines the axis about which the limb oscillates during support phase, as 204 well as it allows comparing with the same angle in selected animals (Larson and Stern, 205 2009 ). An average limb angle greater than zero indicates a protracted limb axis, whereas 206 values less than zero indicate a retracted limb axis. 207
Ground reaction force profiles were obtained from the right hand and foot and 208 normalized to participant body weight. The axes of the force plate were aligned such that 209 positive ground reaction forces were directed in the upward (vertical) and forward 210 (horizontal) directions. For graphical purposes, ground reaction force data were time 211 normalized and averaged across participants. Peak force was determined from the 212 maximum (and minimum for horizontal forces) values and the impulse was calculated by 213 integrating the force-time curve. 214 215
Spatiotemporal patterns of MN-activity in the spinal cord 216
The recorded patterns of EMG-activity were mapped onto the approximate 217 rostrocaudal location of motoneuron (MN) pools in the human spinal cord (Ivanenko et 218 al. 2006 ). This approach provides an interpretation of the output from locomotor CPGs in 219 terms of segmental control rather than in terms of individual muscle control (Yakovenko 220 et al. 2002) . This approach can be used to characterize network architecture for different 221 gaits by considering relative intensities, spatial extent, and temporal structure of the 222 spinal motor output (Ivanenko et al. 2008). 223 In this study, we used two myotomal charts: those of Kendall et al. Kendall's chart denotes localization agreed upon by 5 or more sources, a small x denotes 227 agreement of 3 to 4 sources, and a bracketed (x) denotes agreement of only 2 sources. In 228 our maps, X and x were weighted 1 and 0.5, respectively, whereas we discarded (x). We 229 assumed that our population of subjects had the same spinal topography as this reference (2) 235 where n j -the number of EMGi waveforms corresponding to the j-th segment, k ij -236 weighting coefficient for i-th muscle (X and x in Kendall's chart were weighted with 237 k ij =1 and k ij =0.5, respectively). The assumption implicit in this method is that the 238 rectified EMG provides an indirect measure of the net firing of MNs of that muscle. and not the fraction of total motor pool of the muscle that can be assigned to a segment. 248
For comparison with previously published cat data that includes a greater spatial 249 resolution (Yakovenko et al. 2002) , we also used the Sharrard (1964) data table for 250 innervation, that approximates the proportion of total muscle activation attributable to 251 each segment (by taking multiple slices within each spinal segment), instead of assuming 252 equal proportions in all segments. To this end, we subdivided each segment into six 253 subsegments and applied the same equation (2) for each j-th subsegment (Ivanenko et al. 254 2006) . The resulting spinal cord maps of activation were not smoothed as in the case of 255 the Kendall chart but instead they contained 36 discrete bands (6 subsegments × 6 256 segments; L2-S2). The data analysis and spinal MN activity map construction were 257 performed with software written in Matlab (R2008, The Mathworks Inc.). 258
In order to compare neural activation with crawling kinematics, a cross-259 correlation was performed between the dominant motoneuron activity in the lumbar (sum 260 of activity from L2 and L3) and cervical (sum of activity from C8 and T1) enlargements. 261
To determine the phase shift between lumbar and cervical activity, an algorithm was constructed to find the largest correlation coefficient (which was generally above 0.8) and 263 the phase shift was expressed as a percentage of the gait cycle. Vertical greater trochanter (hip) displacements were significantly higher (F (1,7) =34.192, significant differences were observed between treadmill speeds (F (5,35) =0.554, p=0.73) 309 (upper panels). Among the joint angles, the shoulder (F (5,35) =40.035, p<0.001) and elbow 310 (F (5,35) =4.939, p=0.021) joints angle ranges increased with speed, while speed effects 311
were not evident at all other joints (p>0.05) ( Fig. 4, lower panels) . 312
The orientation of the lower limb differed greatly from that of the upper limb 313 (Table 1 ). The lower limb was greatly retracted for all crawling speeds (F (1,8) = 70.221, 314 p<0.001). In contrast, the upper limb became more retracted as crawling speed increased 315 (F (5,40) =29.590, p<0.001) with a 15±2° at 0.5 km/h and a 9±2° protraction at 3 km/h, 316 while no significant changes were found for the retraction of the lower limb 317 (F (5,45) =0.474, p=0.64). 318
Human crawling on feet is characterized by distinct patterns of propulsive forces 319 for the lower limbs and braking forces for the upper limbs ( Fig. 5A ). Comparisons of 320 peak force indicated greater vertical force in the lower when compared to the upper limb 321 (p<0.001) and significantly greater peak positive and negative forces for the lower and 322 upper limbs respectively (p<0.001 in both cases) ( Fig. 5B) . The propulsive and braking 323 function of the legs and arms respectively became even more obvious if positive and 324 negative impulses of shear forces were compared: the positive thrust for the legs was on 325 average 10 times greater than the negative one; for the arms the difference was even 326 larger (15 times). Over a wide range of crawling speeds (Fig. 5C ), one can see that peak 327 vertical and horizontal forces tend to increase with crawling speed in the lower limb, but 328 only the negative peak of the horizontal forces in the upper limb. When referring to cervical motoneuron activity patterns ( Fig. 6A ), one can see 342 that the activity is focused around the C8-T1 segments during upper limb support with 343 minimal activation during swing. The wrist muscle flexor burst at the end of upper limb 344 stance is shown by activity in the C6-T1 segments. In the lumbosacral region ( Fig. 6A,  345 bottom panels), activity is focused around the L2-L4 segments immediately prior to and 346 during lower limb stance. During swing, there is also a burst of activity around L4-L5 347 which tends to increase with crawling speed. The average activations over the stride cycle 348 for the cervical and lumbosacral enlargements at each crawling speed are shown in Fig.  349 6B. Statistical analysis showed that motoneuron activity increased significantly with 350 crawling speed (F (5,45) =31.515, p<0.001), but did not differ significantly between cervical 351 and lumbosacral enlargements (F (1,9) =0.268, p=0.62). 352
In general, the total MN activation level (and muscle activity) was considerably enlargements (Fig. 6B ). It is also worth noting that the participants verbally stated that the 355 crawling protocol was much more fatiguing than normal walking. 356
Although temporal motoneuron activation somewhat differed between 357 participants (typical participants who crawled with lateral, no limb pairing or diagonal 358 patterns are shown in Fig. 7A ), this was related to crawling behaviour. When comparing 359 dominant motoneuron patterns with crawling kinematics, a strong relationship (r 2 = 360 0.866, p < 0.001) was shown between the cervical-lumbar spinal segment activity phase 361 difference and IPL (Fig. 7B ). It should be noted that 2 data points from a single 362 participant were removed due to low levels of activation in the lumbar spinal segments. 363
364

Effect of changes in the surface inclination 365
With increasing inclination of the crawling surface, we observed further changes 366 in the EMG activity patterns (Fig. 8A ). During upper limb stance, there was a decrease in 367 triceps and posterior deltoid activity and even greater decreases in anterior deltoid 368 activity as surface inclination increased. Although we observed these changes in shoulder 369 musculature, the activation of wrist extensors during upper limb swing and the burst of 370 wrist flexor activity at the end of upper limb stance remained in all conditions. In the 371 lower limb, the quadriceps and tibialis anterior activity was similar at all inclinations, but 372 there was a gradual appearance of gastrocnemius and soleus activity as inclination 373 increased. 374
The changes in upper limb muscle activity are shown in terms of different 375 motoneuron burst patterns as surface inclination increased (Fig. 8A) . In particular, 376 cervical activity throughout upper limb stance in the C8-T1 segments diminished, with a burst of activation in the C6-T1 segments at the end of upper limb stance persisting with 378 increasing surface inclination. In the lumbosacral region, activity in the L3-L4 segments 379 remained and there was an appearance of a burst in the S1-S2 segments at the end of 380 lower limb stance, which increased with surface inclination (Fig. 8A, bottom panels) . The 381 average motoneuron activity throughout the stride is illustrated in Fig. 8B and showed that, from 0.4 to 1.1 cycles/s, a variety of IPLs (between diagonal and lateral) 424 was utilized. Using the group mean, we confirmed this result, but at the same time we 425 found that the individual data exhibit a large range of IPLs (the crawling of some 426 participants being almost completely diagonal, while that of others were very close to 427 lateral, Fig. 2,7) . Similar ranges of IPL during human crawling have been noted 428 throughout the literature (Sparrow 1989 show a more important propulsive role of the hindlimbs compared with the forelimbs 457 (Kimura 1985) , though to a much lesser extent than humans do (Fig. 5) . Moreover, in 458 human crawling the lower limbs are retracted more than the hindlimbs in small mammals 459 and primates (Table 1) Finally, a remarkable feature of human crawling is a lack of ankle plantar flexor 463 muscle activation and, as a consequence, a relatively lower activation of sacral spinal 464 segment output ( Fig. 9, right panel) . The spinal maps were constructed based on a large 465 but incomplete sample of muscles, because we were unable to record all muscles 466 participating in the control of locomotion (e.g., some intrinsic foot muscles, though their be due to the fact that the orientation of the foot is more vertical during crawling, likely 469 because the anatomy of the human body (e.g., skeleton, relatively longer lower limb 470 length and specific limb segment proportions, muscle attachments, passive elasticity) is 471 adapted to bipedal walking. Given the retracted limb orientation (Table 1) Although these similarities exist, fundamental differences are also evident. As 500 surface inclination increases, there is a decrease in cervical alpha motoneuron activity 501 which leads to an overall decrement of upper limb muscle activity (Fig. 8B, right panel) . 502
More importantly, we see the appearance of a sacral alpha motoneuron burst and 503 increased ankle plantar flexor muscle activation (Fig. 8, left 
